Cyclic GMP-AMP synthase (cGAS) is a DNA-sensing enzyme in the innate immune system. Recent studies using core-cGAS lacking the N terminus investigated the mechanism for binding of double-stranded (ds) DNA and synthesis of 2 0 ,3 0 -cyclic GMP-AMP (cGAMP), a secondary messenger that ultimately induces type I interferons. However, the function of the N terminus of cGAS remains largely unknown. Here, we found that the N terminus enhanced the activity of core-cGAS in vivo. Importantly, the catalytic activity of core-cGAS decreased as the length of double-stranded DNA (dsDNA) increased, but the diminished activity was restored by addition of the N terminus. Furthermore, the N terminus de-oligomerized the 2 : 2 complex of corecGAS and dsDNA into a 1 : 1 complex, suggesting that the N terminus enhanced the activity of core-cGAS by facilitating formation of a monomeric complex of cGAS and DNA.
The cyclic GMP-AMP synthase (cGAS) is a pivotal DNA-sensing enzyme in innate immune system [1] . It is activated upon binding of double-stranded DNA (dsDNA) originated from pathogens and catalyses the synthesis of a 2ʹ,3ʹ-cyclic GMP-AMP (cGAMP) from ATP and GTP [2] [3] [4] [5] [6] . cGAMP activates stimulator of interferon genes (STING) to consequently produce type I interferons (IFNs) to fight against invading pathogens [7] . A previous study showed that both the N terminus (N-term-cGAS) and C terminus (core-cGAS) including NTase domain (Fig. 1A ) could bind to dsDNA [2] . X-ray crystallography studies revealed that core-cGAS forms a complex with dsDNA in 2 : 2 stoichiometry [8, 9] and the overexpressed core-cGAS alone has catalytic activity comparable to that of full-length (FL-) cGAS [2] . Although a previous study showed the role of the N terminus of human cGAS for cGAS protein stability during purification [10] , the function of N-term-cGAS remains to be determined. Here, we show that the binding of long dsDNA [>20 base pairs (bp)] decreases the catalytic activity of corecGAS compared to that of short dsDNA (14 bp), and addition of N-term-cGAS lifts the restriction on the DNA length dependency of cGAS activity. We also show that the N-term-cGAS de-oligomerizes the 2 : 2 complex of core-cGAS and dsDNA into a 1 : 1 complex, suggesting that N-term-cGAS enhances the catalytic activity of core-cGAS by promoting the formation of monomeric complex. (B, C) Human N-term-cGAS (Myc-tagged) was retrovirally expressed in cGAS-null hSTING-expressing HeLa cells that were reconstituted with human FL-or core-cGAS (both FLAG-tagged). Expression of human N-term-, FL-, and core-cGAS was examined by immunoblotting with anti-Myc (B) or anti-FLAG (C) antibody. Tubulin was the loading control. (D) hSTING-expressing, FL-or core-hcGASreconstituted HeLa cells were transduced with or without a retrovirus encoding human N-term-cGAS. TBK1 phosphorylation (pTBK1) induced by DNA and total TBK1 were detected by immunoblotting. Data are representative of two biological replicates. (E) Mouse FL-, Nterm-, and core-cGAS (FLAG-tagged) were retrovirally expressed in cGAS-null hSTING-expressing HeLa cells. The expression of mcGAS proteins was examined by immunoblotting with anti-Flag antibody. Tubulin was the loading control. (F) hSTING-expressing HeLa cells were retrovirally transduced for expression of mouse FL-, N-term-, and core-cGAS. pTBK1 induced by DNA and total TBK1 were detected by immunoblotting. Data are representative of three biological replicates. (G, H) 2ʹ,3ʹ-cGAMP produced by FL-cGAS (red) and core-cGAS alone (blue) or in the presence of N-term-cGAS (gray) with stimuli of 14-, 20-, and 40-bp dsDNA. The produced 2 0 ,3 0 -cGAMP was detected at the retention time of 28 min ( Fig. S4 ), consistent with a previous study [7] . The total amounts of 2ʹ,3ʹ-cGAMP were calculated as percentages (%) for comparison.
Materials and methods

Double-stranded DNA (dsDNA)
Fourteen-base pair dsDNA is identical to the sequence bound with the crystal structure of porcine cGAS [11] . Twenty-base pair dsDNA has an AT-rich motif, ATTTT-TAC, found >6000 times in Plasmodium spp. [12] . Fortybase pair dsDNA includes sequences from 1 to 40 bp of HSV-60 which is a 60-bp oligonucleotide containing viral DNA motifs of the herpes simplex virus 1 genome [13] .
The exact sequences are shown in the Fig. S1 .
Cloning, expression, and purification of proteins
The gene encoding human and mouse FL-cGAS (Fig. 1A ) was amplified by PCR using cDNA library. The PCR products encoding N-term-cGAS ( Fig. 1A ) and core-cGAS ( Fig. 1A ) of human and mouse cGAS (mcGAS) were inserted into 2ST-LIC vectors (Addgene, Cambridge, MA, USA) and transformed into Escherichia coli strain. Cells were cultured at 30°C after addition of IPTG, harvested, and lysed by sonication. After centrifugation (24 696 g) for 50 min, supernatants were applied to a Ni-nitrilotriacetic acid column (Qiagen, Hilden, Germany). After TEV protease (Tobacco Etch Virus nuclear-inclusion-a endopeptidase) digestion, proteins were further purified by Hitrap sp FF (GE-Healthcare, Chicago, IL, USA) and Superdex 200 gel filtration chromatography (GE-Healthcare). The purity of human or mcGAS proteins was confirmed by SDS/PAGE (Fig. S2 ). Enzymatic activity assay using reverse-phase high-performance liquid chromatography (RP-HPLC)
Retroviral transduction and immunoblotting
For an in vitro assay to measure enzymatic activity of human or mouse cGAS that synthesizes cGAMP, 2 lM proteins (FL-, core-, N-term-cGAS) was mixed with 3 lM dsDNA (14, 20, or 40 bp) in a reaction buffer (40 mM Tris/HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl 2 ). The reaction was initiated by the addition of ATP and GTP (1 mM each). After incubating at 37°C for 3 h, the reaction was terminated and the mixture was filtered using Amicon Ultra-15 [7] . Enzyme reaction products were applied to a 4.6 9 250 mm ZORBAX Eclipse XDB-C18 (Agilent, Santa Clara, CA, USA). Profile methods of reverse-phase high-performance liquid chromatography (RP-HPLC) were conducted as described previously [7] . The product was determined by measuring absorbance at 260 nm and analyzed by peak integration. The experiments were carried out 4 times to obtain mean values.
Isothermal titration calorimetry (ITC)
Calorimetric experiments were performed using the isothermal titration module of a VP-isothermal titration calorimetry (ITC; Microcal Inc., Malvern, UK). ITC was performed for three constructs of human and mouse cGAS (FL-, core-, and N-term-cGAS) in a buffer of 20 mM Tris/HCl, pH 7.5, 150 mM NaCl, and 10 mM b-mercaptoethanol at 25°C. 0.02 mM cGAS in the sample cell was titrated by sequential addition of 5 or 10 lL 0.2 mM dsDNA (14, 20, or 40 bp) for total 30 injections with 180-s intervals between injections. The precision control was achieved by a computercontrolled thermostat and a syringe within the calorimeter. Binding constants were calculated by fitting the blank-corrected data integrated in the Origin software.
Circular dichroism (CD)
All CD spectra were collected by Jasco-815 (KAIST, Daejeon, Korea). Experiments were carried out at 20°C with cellular path length of 0.2 mm, which was maintained by CDF-426L thermal control. Purified N-term-mcGAS and 14-bp dsDNA were dialyzed against 20 mM Tris/HCl, pH 8.0, 300 mM NaCl, and 10 mM b-mercaptoethanol. CD spectra were measured at the protein concentration of 0.5 mgÁmL À1 with or without dsDNA. In the CD spectrum of N-term-mcGAS complexed with 14-bp dsDNA, the CD spectrum of 14-bp dsDNA was subtracted to elucidate the conformational change of N-term-cGAS (Fig. S3 ). All spectra were scanned from 260 to 190 nm at the speed of 200 nmÁmin À1 . The spectra were scanned 3 times at each wavelength and total 10 spectra were accumulated to obtain mean values. All data were processed by applying baseline correction in the Spectra Manager software installed into the instrument.
Nuclear magnetic resonance (NMR)
Nuclear magnetic resonance (NMR) samples contained 0.6 mM of N-term-mcGAS in a buffer of 20 mM 2-(Nmorpholino)ethanesulfonic acid (MES), pH 6.0, 100 mM NaCl, and 10 mM b-mercaptoethanol with 10% (v/v) D 2 O. All experiments were carried out at 25°C on a Varian (Palo Alto, CA, USA) or Bruker (Billerica, MA, USA) spectrometer operating at field strength of 600 MHz (KAIST) or 800 MHz (KBSI, Ochang, Korea). The 800 MHz spectrometer was equipped with a cryogenic probe. The following experiments were recorded for backbone resonance assignment and TALOS [14] 
Analytic ultracentrifugation (AUC)
Sedimentation velocities (SV) of FL-, core-, and N-termmcGAS in the absence and presence of 14-, 40-bp dsDNA were measured using a Beckman ProteomeLab XL-A (Mokpo National University, Chonnam, Korea). Samples were spun overnight at 1 85 463 g in an An-60Ti rotor maintained at 4°C. Raw fringe data were deconvoluted into a sedimentation coefficient using the c(s) model in the program SEDFIT, 15.01b version [16] . Values for buffer density and viscosity and partial specific volume of cGAS were calculated using SEDNTERP (http://sednterp.unh.edu/).
Results
We first investigated whether N-term-cGAS has any role in activation of STING pathway in vivo. We generated cGAS-null hSTING-expressing HeLa cells and stably expressed FL-or core-hcGAS in them, which allowed us to examine the activity of cGAS without being activated by transient overexpression. The reconstituted cells were transfected with a plasmid encoding N-term-hcGAS and dsDNA (20 bp) , and the activation of STING pathway was monitored by immunoblotting for phosphorylation of TANK-binding kinase 1 (TBK1), a downstream enzyme of STING. Although both FL-and core-hcGAS were expressed comparably in cells (Fig. 1B,C) , the amount of phosphorylated TBK1 (pTBK1) in core-hcGASexpressing cells was less, compared to FL-hcGASexpressing cells (Fig. 1D) . Although similar amount of pTBK1 was observed in FL-hcGAS-expressing cells regardless of the presence of N-term-hcGAS, the low activity of core-hcGAS was restored by coexpression of N-term-hcGAS (Fig. 1D) , indicating that N-termhcGAS enhances the activity of core-hcGAS. We observed similar results with mcGAS proteins (Fig. 1E,F) , indicating that the role of N-term-cGAS in enhancing the core-cGAS activity is conserved both in human and mouse.
To further investigate the effect of N-term-cGAS on core-cGAS activity, we monitored the catalytic activity of human and mouse cGAS through an in vitro enzyme activity assay with or without N-term-cGAS. FL-or core-cGAS was incubated with dsDNA of varying sizes (14, 20, 40 bp) in the presence of ATP and GTP, and the product, cGAMP, was monitored by RP-HPLC (Fig. S4) . While FL-cGAS produced consistently similar amounts of cGAMP regardless of the size of DNA, the production of cGAMP by corecGAS was significantly reduced as the size of DNA increased from 14 to 40 bp. Notably, N-term-cGAS, added in trans, fully restored the activity of core-cGAS that was suppressed by long DNA (Fig. 1G,H) , suggesting that the N terminus renders cGAS activity unrestricted by the length of dsDNA.
To understand the basis for the size-dependent recognition of cGAS, we first measured the binding affinity (K d , dissociation constant) of core-, N-term-, or a mixture of core-and N-term-mcGAS against dsDNA by ITC. The K d of core-mcGAS increased bỹ 6 fold as the DNA length increased from 14 to 40 bp ( Fig. 2A) , consistent with the lower catalytic activity for long dsDNA. As previously reported [2], the N-term-mcGAS was able to bind DNA at relatively high affinity (Fig. 2A) . The addition of N-termmcGAS to core-mcGAS dramatically decreased the K d for 40-bp dsDNA and revealed additional binding site similar to FL-mcGAS ( Fig. 2A) .
Our circular dichroism (CD) analysis and NMR spectroscopy showed the conformational change of N-term-mcGAS upon binding of DNA (Fig. 2B,C) . In the absence of dsDNA, the CD spectrum and the 15 N-HSQC spectra of N-term-mcGAS showed a typical random coil conformation. However, in the presence of dsDNA, the CD spectrum showed a mixture of a-helices and b-sheets, suggesting that N-term-mcGAS, originally disordered, acquired secondary structures fixated by binding of dsDNA. The HSQC spectra revealed some, but not large shifts in the peaks of N-term-mcGAS. These data indicate that N-term-mcGAS undergoes local conformational change upon DNA binding. We calculated CSP of N-term-mcGAS induced by binding of dsDNA. Most resonances were shifted, particularly at the residues T23, R48, A68, M80, R119, R128, and R132 (Fig. 2D) . Analysis by TALOS predicted that N-term-mcGAS bound with dsDNA forms short a-helices around the shifted residues (Fig. 2E) , consistent with the CD spectrum.
To further investigate the mechanism underlying the activity of N-term-mcGAS, we examined oligomerization of mcGAS by measuring SV of mcGAS with or without dsDNA through analytic ultracentrifugation (AUC). Without dsDNA, the core-mcGAS showed a monomeric state at 3.192 S (Fig. 3A) , even in the presence of the N-term-mcGAS, excluding the possibility of interaction between them. FL-mcGAS showed higher SV (13.6 S), indicating its oligomeric state (Fig. 3A) . Notably, in the presence of dsDNA, only monomeric FL-mcGAS was observed regardless of the size of DNA (Fig. 3B) . The calculated molecular weight (MW) of the monomeric complex was 85 kDa, suggesting that the binding stoichiometry was 1 : 1 for 40-bp dsDNA or 1 : 2 (or 3) for 14-bp dsDNA (Fig. 3D) . In contrast, the monomeric coremcGAS became a dimeric complex upon binding of dsDNA (Fig. 3C) . The calculated MW of coremcGAS:DNA complexes was~108 kDa (40 bp) or 96.1 kDa (14 bp), indicating 2 : 1 binding stoichiometry between mcGAS and dsDNA (Fig. 3D) . Remarkably, the addition of N-term-cGAS reduced the core-mcGAS:DNA dimeric complexes to monomeric complexes, similar to the complex of FLmcGAS:DNA (Fig. 3C,D) . Of note, N-term-mcGAS abrogated the difference in SV of core-mcGAS complexed with DNA of different length. These results suggest that N-term-cGAS serves to de-oligomerize core-cGAS:DNA complexes.
Discussion
We characterized the role of the N terminus of human and mouse cGAS in the recognition of dsDNA. Despite growing number of studies regarding the function of cGAS, the N-terminal region of cGAS has received few mentions. The N terminus of cGAS is found in divergent species [17, 18] , but the least conserved portion of cGAS [2, 11] , and structurally very flexible than the catalytic domain [2, 9] . However, we and others [2] showed that the N terminus can bind to dsDNA, suggesting a role for modulating cGAS activity. Our study demonstrated that core-mcGAS activity is affected by the length of dsDNA but the N terminus could confer on the core-mcGAS a capacity to recognize varying size of dsDNA, which may provide a host with better protection from diverse pathogens. Currently, we can only speculate on the in vivo role of Nterm-cGAS upon pathogen infection as 14-to 40-bp oligonucleotides used in this study are much smaller, compared to the genome size of pathogens. However, the importance of N-term-cGAS may be supported by previous studies showing that several residues in the N terminus have rapidly evolved throughout diverse species, which suggests that the N terminus may be targeted by pathogens to inactivate cGAS function [17, 18] .
Our results on the DNA length dependency of coremcGAS activity seem to conflict with a previous study showing that cGAMP production by core-mcGAS is increased as the dsDNA ligand lengthens [8] . We reasoned that the different buffers used for the assay might be responsible for the discrepancy. Our reactions were carried out in Tris-based buffer, whereas the previous study performed the experiments in HEPES buffer. Thus, we investigated thoroughly the activity of both human and mouse core-cGAS in various buffer and salt conditions. We observed the reduced activity of both human and mouse core-cGAS with increasing length of dsDNA in Tris buffer. In HEPES buffer, although core-hcGAS activity decreased, core-mcGAS showed the enhanced activity (Fig. S5) , similar to the previous study [8] . The different behavior of core-mcGAS depending on the buffer type requires further investigation.
There are differences across diverse species in binding of various ligands [10, 19] , sensitivity of catalytic domain of cGAS [9, 11] , and even differences in the structure of cGAMP product [3, 5] . For example, hcGAS binds dsDNA with stronger affinity than mcGAS, despite high homology in the catalytic domain between two species [10] . Our analysis of K d by using ITC determined the K d of core-mcGAS as 9.4 lM, which was similar to the reported value (19.1 lM, [8] ). However, this value was higher than that of hcGAS (87.6 nM, [10] ). As the latter was measured by fluorescence anisotropy, we examined the binding affinities of human and mouse FL-and corecGAS by using both fluorescence anisotropy and ITC to see whether there is species difference in the K d or whether the difference comes from different methods to measure the affinity. We observed that lower K d values were acquired by fluorescence anisotropy than by ITC for both human and mcGAS. However, irrespective of assay methods, the hcGAS still binds with DNA stronger than the mcGAS, in accordance with the previous results [8, 10] . Even though the core-cGAS is well conserved between human and mouse [10, 20] , the K d of DNA could change drastically between species due to the differences in the local environment of residues in the core-cGAS.
Our AUC results revealed a transition of FLmcGAS from a highly oligomeric state without DNA to a monomeric state upon DNA binding (Fig. 3A,B) . However, we cannot exclude the possibility that FL-mcGAS may exist in dynamic equilibrium of oligomeric and monomeric states, which is not appropriately revealed by AUC, and DNA binding skews the equilibrium toward the monomeric state. How N-term-cGAS restores the activity of core-cGAS for long DNA is not clear. Previously, the collision of two DNA molecules bound to the core-cGAS dimer was suggested [8] . This may explain the reduced activity of core-cGAS for long DNA in our study. De-oligomerization of core-cGAS:DNA complex by N-term-cGAS observed in this study may relieve the structural hindrance between the DNA and the core-cGAS. Although N-term-cGAS does not participate directly in the catalytic synthesis of cGAMP, it modulates the cGAS activity, probably by binding DNA or inducing conformational shift of cGAS.
Together, N terminus of cGAS seems to be a regulator of cGAS whose role is to maintain the capacity of DNA surveillance by cGAS. We show that the N terminus is indispensable region of cGAS and may be harnessed to perform regulatory functions by cGAS in vivo. Our results call for structural and biological studies to reveal the detailed action of the N terminus.
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